The behaviour of viruses within their host cells can best be studied under conditions where a known number of uniformly susceptible cells is exposed simultaneously to a known number of infectious virus particles, and the resulting yields of new virus accurately measured. This is most easily done when both cells and virus can be kept continuously in suspension, and is, in fact, standard practice in work with bacteriophages. Cell suspension cultures, however, have been little used in animal virology so far. Sanders (1953) described the multiplication of mouse encephalomyelitis virus in suspensions of mouse ascites tumour cells; later, Pereira (1954), and Dulbecco and Vogt (1954), studied the multiplication of fowl plague and Western equine encephalomyelitis virus in suspensions of cells prepared by the trypsinization of chick embryos. In all 3 cases the cell suspensions were used only as a primary growth system for the virus. Estimates of virus content were made separately by other techniques such as hiamagglutination titrations, infectivity end-point estimations in tube cultures, or by plaque counting on monolayer tissue cultures.
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President-DOUGLAS MCCLEAN, M.B., M.R.C.S. [May 15, 19571 Virus Titration in Cell Suspension Cultures The behaviour of viruses within their host cells can best be studied under conditions where a known number of uniformly susceptible cells is exposed simultaneously to a known number of infectious virus particles, and the resulting yields of new virus accurately measured. This is most easily done when both cells and virus can be kept continuously in suspension, and is, in fact, standard practice in work with bacteriophages. Cell suspension cultures, however, have been little used in animal virology so far. Sanders (1953) described the multiplication of mouse encephalomyelitis virus in suspensions of mouse ascites tumour cells; later, Pereira (1954) , , studied the multiplication of fowl plague and Western equine encephalomyelitis virus in suspensions of cells prepared by the trypsinization of chick embryos. In all 3 cases the cell suspensions were used only as a primary growth system for the virus. Estimates of virus content were made separately by other techniques such as hiamagglutination titrations, infectivity end-point estimations in tube cultures, or by plaque counting on monolayer tissue cultures.
The present paper describes a technique whereby the progress of infection in a cell suspension culture can be followed directly, and includes a method for estimating directly the quantity of virus present in such a culture.
Theoretical considerations.-If a suspension of free, separate, cells at a concentration of C cells/ml. is mixed with a virus suspension and adsorbs V virus particles/ml. from that suspension, the average multiplicity of infection m, is given by the expression:
. '(1 .........(1 ) whence V = m x C.......
(2) Moreover, the proportion of cells infected by 0, 1, 2, ....n virus particles will be given by the successive terms of the Poisson series. The first term of this series is:
Thus, if we can determine P (O)-i.e. the proportion of uninfected cells in such a suspension, m can be read off directly from a table of exponential functions. Then, if the total concentration of susceptible cells is also known, the virus content can be determined from the expression (2) above. C may be found by directly counting the number of cells present per ml. of suspension. To determine m it is necessary to find some way of distinguishing infected and uninfected cells in the suspension. A method of titration based upon these principles has been used to study the multiplication of encephalomyocarditis (EMC) virus, in suspensions of mouse ascites tumour cells (Krebs 2 carcinoma). A description of this method is presented in the hope that a similar technique may be useful to other workers, in particular those who are investigating systems in which the multiplication and the release of virus may not be accompanied by any clear cytopathic effect. Ascites tumours consist of a large population (1-2 x 108 cells/ml. of exudate) of separate similar cells floating free in fluid in the mouse peritoneum and can easily be recovered, washed and suspended in suitable media. Hoskins and Sanders (1957) have shown that such cells, maintained as a sheet of cells adherent to the wall of the culture vessel, are able to support multiplication of encephalomyocarditis (EMC) virus with high virus yields, and the production of cytopathic change. OCTOBER .912
Proceedings of the Royal Society of Medicine 30 Cell suspension cultures.-Mice with well-developed ascites are killed, and the tumour cell containing exudate aspirated from the peritoneal cavity, and the cells washed free of ascitic fluid by centrifuging with phosphate buffered saline (PBS, Dulbecco and Vogt, 1954) . Such cells can be maintained in suspension by the methods described by Earle et al. (1955) in a simple mixture of saline and glucose. The culture vessels used are 150 ml. Pyrex, flatbottomed boiling flasks containing 10 ml. cell suspension. The cells are maintained in suspension by shaking on a Brunswick type shaker at a rotation speed of 1 r.p.s. at 370 C. When such cultures are set up at a concentration of up to 3 x 107 cells/ml. of culture fluid there is no significant loss of cells during seventy-two hours of incubation; on the other hand, no significant cell multiplication occurs during this time.
Detection of infected cells.-In the past, a number of in vitro methods have been used to distinguish between "viable" and "non-viable" cells in a given preparation of tumour cells. Among these is the method suggested by Schrek (1936) , who showed that when a tumour cell suspension is treated with 0 05 % aqueous eosin under controlled conditions, differential staining occurs, which is correlated with cell viability; only "dead" or injured cells are presumed to stain.
When freshly washed suspensions of Krebs-2 carcinoma cells are treated in this way less than 5 % of the cells take up the stain (Hoskins et al., 1956) . This is so both for cells freshly removed from mice with ascites, and for cells which have been maintained in agitated fluid cultures for up to thirty-six hours. However, when cultures infected twenty-four hours previously with a large amount of EMC virus were similarly tested, over 95 % of the cells stained with eosin. It was therefore suspected that the cell staining of infected cultures might be correlated with the growth and release of virus from infected cells. Fig. 1 the percentage of cells taking up eosin in samples withdrawn from a suspension of tumour cells, at intervals after the addition of EMC virus in high multiplicity. It will be seen that there is a very close correspondence in time between the appearance of cell staining, and the virus content of the supernatant fluid of the culture. The figure also shows that the time before the release of new virus begins is of the order of eight hours, and that release of virus is virtually complete by fourteen hours. When suspensions of cells are infected at lower multiplicities, a smaller total number of the cells becomes stained. It is thus suggested that the staining reaction with eosin can be used to mark which cells in a given suspension have become infected. In each case a total cell count, together with a differential cell count of the cells remaining unstained by eosin (i.e. uninfected cells) provides all the information necessary to calculate the amount of virus adsorbed by the cells according to the principles given above. The basis of the test is to infect a suspension of cells with virus, and after a time sufficient for one cycle of multiplication to take place (i.e. ten to fourteen f hours), to stain the cells with eosin, and count both the total number of cells and the proportion which remains unstained. From these figures the virus content of the suspension can be calculated. Fig. 2 shows the curve of virus release, when the virus content of the different suspensions is measured by this method, correlated with the results of hwmagglutination titrations of the same material, and with the appearance of eosin staining in the primary culture. It is seen that there is a very close agreement between the values obtained and the hemagglutinin development curve. Such a method of titration has an accuracy close to that given by plaque counts, and about ten times the accuracy of end-point titrations in either tissue cultures or mice. For example: of two typical virus preparations, consisting of the supernatant fluid from infected suspension cultures, the first (K 9) has a titre of 1 -02 + 0-08 x 109 cell-killing units/ml. (SE of the mean of 12 observations), the second (K 8) contained 1 83 ±0+08x 108 cell-killing units/ml. (SE of mean of 11 observations). In practice the time at which samples from the cultures are stained is critical. In experiments with multiplicities of less than 1 0, in which the course of the growth cycle was followed by means of the eosin staining reaction, clear evidence of a "second step" in the growth curve was found as early as fifteen hours after inoculation. To be certain that the proportion of stained cells found relates to only one cycle of growth, at least two successive samples should be counted between twelve and fourteen hours after inoculation; both should show roughly the same proportion of staining. Alternatively, sufficient encephalomyocarditis (EMC) antiserum to prevent the second cycle can be added to the culture one hour after infection. In this case it is advisable to use antiserum which has been adsorbed with cells to remove Krebs cell agglutination, otherwise clumping of cells in the culture may distort the results of the counts. As a test of the validity of the method for measuring virus concentration a number of experiments were made in which virus and cells were mixed at different multiplicities and the proportion of unstained cells counted at eleven to fourteen hours after inoculation. The results are shown in Fig. 3 Fig. 3 ), a set of virus-cell mixtures were made in which twofold dilutions of virus were added to twofold dilutions of cells, the dilutions being chosen in each case to give an approximate multiplicity of 1I0 on the basis of the infectivity for mice of the virus suspension used. In the second experiment (shown by the black circles in Fig. 3 ) a constant cell concentration of 1 x 107 cells/ml. was infected with virus diluted so as to give multiplicities varying between 1 and 0 3. The amount of virus added, calculated from the known titres in mice of the virus suspension used, was then plotted against the apparent titre measured according to the principles described. The straight line is the calculated regression line for the whole data. This had a slope of 0-98 which was found not to differ significantly from the value of 1, which would be expected on theoretical grounds. It can, therefore, be concluded that the method, as used, provides a valid way of estimating the virus content of a suspension.
The method used at present for the performance of these titrations is as follows:
Unknown virus suspensions are first titrated in vitro for their hiamagglutinin content. Once this is known the infective virus content of the suspension may be roughly estimated as HA units/ml. x 106. On this basis a cell suspension and virus suspension are prepared at such dilutions that when mixed they will give a theoretical multiplicity of between 0 1 and 1. The reason for the choice of this range is that at a multiplicity of one the suspension may be expected to contain about 37 % of uninfected cells. At a higher multiplicity a smaller proportion of uninfected cells may be obscured by the presence of a small number of cells which are naturally resistant for some reason or other, i.e. although infected by virus they do not release new virus and thus do not stain. The preliminary heemagglutinin titration is used merely as a guide to the correct virus and cell dilutions to choose for the actual titration itself. At the lower end of the scale the method is not yet suitable for the measurement of small quantities of virus. The cells do not survive well at a concentration of less than 106/ml. and the proportion of stained cells at multiplicities of infection at below 01 are too small for accuracy in counting. Dilute normal uninfected tumour cell suspensions incubated for the same time as infected cultures may contain up to 10% of stained cells. Cells like this, which die a "normal" death, are likely to distort the results of cell staining titrations carried out with multiplicities of less than 0 1. Thus, the method as a whole cannot be expected to give reliable results when virus concentrations in the culture itself are less than 105/ml.
Comparison between the results of the cell-suspension and plaque titration methods. A plaque method of titration for the system EMC virus/Krebs-2 carcinoma cells has recently become available and will be reported elsewhere. with this virus and the Krebs-2 carcinoma cells. When selected virus suspensions are titrated simultaneously by both methods the results obtained do not always closely correspond. Any differences observed can, however, be related to the nature of the virus suspension itself and not to the errors of the methods. For example, "fresh" virus-i.e. virus harvested and titrated immediately upon its release from infected cells-or "intracellular" virus-i.e. virus released artificially from infected cells by shaking with glass beads at the peak of the multiplication cycle-give the same virus content whether measured by plaque titration or by eosin staining in cell suspension cultures. However, virus which has been frozen and thawed in the absence of protective protein, or heated for more than one hour at 370 C. shows a much lower infectivity titre by plaque count than by the staining method. Similarly, fresh virus released from cells at very high multiplicities of infection also has a lower virus content when measured by the plaque method than by cell staining. In this connexion it must be remembered that a plaque forming particle represents a virus unit which is able to infect cells and multiply within them to form new virus which can then initiate further cycles of infection in other cells; and this process must go on long enough to produce a visible plaque. The cell staining procedure, on the other hand, measures virus which is able to adsorb to cells and initiate changes within them so that the infected cells are killed after a time equivalent to one growth cycle; no virus able to infect other cells need be released. It is obvious, therefore, that the cell staining and plaque methods of titration do not necessarily measure the same virus property. For this reason we now express the content of virus suspensions titrated by the cell staining method in cell-killing particles (CKPs) per ml., to distinguish this property from the plaque-forming particle (PFP) content of such suspensions. There is preliminary evidence that the CKP can appear as a degraded form of the PFP, and also that infection of cells at very high multiplicities can perhaps produce progeny virus where a great excess of CKPs are present. Generally speaking, the hlemagglutinin content of EMC virus suspensions follows its CKP and not its PFP content.
Further applications.-As with other titration methods the method can also be used to measure the antibody content of sera. In this way, incubated serum virus mixtures can be added to a larger volume of cell suspension and the number of uninfected cells estimated. With appropriate experimental design the rate constant of neutralization (K) can be measured with fair accuracy.
General principles.-In order that similar methods can be applied to other cell virus systems the following conditions must be fuifilled:
(1) The cells used should be separate, identical, and capable of surviving in free suspension for the period of observation necessary without significant mortality.
(2) A high and constant proportion of the infecting virus present must rapidly adsorb to the cells and subsequently undergo "multiplication".
(3) A method must be available for distinguishing unequivocally between infected and uninfected cells, for measurement of the proportion of uninfected cells must be carried out after an interval sufficient for one growth cycle, and no more.
Mr. R. F. Sellers:
Some Observations on the Plaque Technique
Since Dulbecco (1952) introduced the plaque technique, it has been successfully applied to a number of viruses (see Isaacs, 1957) . Two methods are used. In one a cell monolayer grown on glass is infected with virus and covered with an agar or plasma overlay (Dulbecco, 1952; Noyes, 1953) ; in the other a suspension of cells is infected with virus, melted agar added, and the mixture poured on to a preset agar plate (Cooper, 1955) . In both methods after a period of incubation the necrotic areas caused by the virus (the plaques) are brought into prominence by an intravital dye. The plaques can then be counted, measured or isolated as a pure virus clone.
In 1955 I found that the virus of foot-and-mouth disease multiplied on pig and calf kidney-cell monolayers and that plaques could be produced on pig kidney-cell monolayers (Sellers, 1955) . Since then we have used these monolayers extensively. Cell suspensions obtained by trypsinization from the kidney cortex are grown in glass containers in a medium consisting of Earle's saline, lactalbumin hydrolysate 0 5 %, yeast extract 0 01 % and 7.510% ox serum. The cultures are incubated at 370 C. in an atmosphere of 4% CO2 in humidified air. After six days' growth the monolayers formed are transferred to Petri dishes using a minimum cell concentration of 4 x 105 cells/ml. and incubated under the conditions described before. Complete monolayers are formed in two days, and are then infected with a suitable virus dilution and after an adsorption period of 30 minutes covered with an agar overlay. The agar overlay consists of 1 2 ml. 3 % Difco washed agar in distilled water, 01 ml. neutral red in distilled water, 13 ml. twofold Earle's saline, 0-2 ml. ox serum and 0-9 ml. of Earle's saline, lactalbumin hydrolysate, yeast extract solution. The plaques may be seen and counted from two days onwards.
It is an essential requirement of the technique that the virus should destroy the cells, but several factors affect the cytopathic action, the virus yield and the number and morphology of the plaques formed. A monolayer culture normally susceptible to virus action may become resistant due to changed culture conditions. This resistance may be due to the presence or overgrowth of the susceptible cells by a resistant cell population or to a physiological change in the susceptible cells. In a study of the action of the virus of footand-mouth disease on calf kidney-cell monolayers, my colleagues Mrs. Burt and Miss Cumming (Burt, Cumming and Sellers, 1957) have found that by continued culture and infection in the presence of ox serum the cytopathic action of the virus on the epithelial type cells is masked by the overgrowth of a resistant fibroblastic type of cell. By reduction of the ox serum concentration and addition of pig serum, the rate of growth of the fibroblastic cells appears to be hindered, and in many instances plaques can be produced, which although smaller give a similar titre to those obtained on pig kidney-cell monolayers.
Wesslen and Dinter (1956) have found a similar effect on calf kidney cells, when they used bovine amniotic fluid in the medium. My colleague describes two types of cells encountered in monolayer cultures of adult cattle tongue epithelium, both of which produce virus but only one shows the cytopathic changes. Resistant fibroblastic-type cells are present to a certain extent in pig kidney cultures, but here culture conditions affect the physiological state of the cells (Sellers, 1957) . When the monolayers are grown in a medium, where Hank's saline is substituted for Earle's, among strains of the virus of foot-and-mouth disease forming large plaques the plaques are smaller and fewer and the cytopathic effect is reduced. When Earle's saline is used and excess carbon dioxide allowed to act on the cells for a short time, there may be a reduction of thirtyfold or more in the number of plaques formed on a plate, the plaques are smaller and in the case of strains forming small plaques may be absent altogether. Presumably it is the effect of pH on the cell metabolism which causes this; a high bicarbonate content buffered by a regular concentration of carbon dioxide being preferable. Gifford et al. (1956) found a decreased virus yield of polio virus from HeLa cells due to an increase in acidity, and Barron and Karzon (1957) described a pH effect on the cytopathogenicity of orphan viruses on monkey kidney tissue cultures. Sabin (1956) found a delayed cytopathogenic action and reduced yield of non-neuropathogenic strains of poliomyelitis virus in monkey kidney cultures under acid conditions.
Another factor affecting the culture is the state of the kidney from which the original cell suspensions are obtained. Under similar conditions we have noticed that cells from some kidneys grow faster and better than from others, and my colleague Sharpe (1957, personal communication) has recently demonstrated a difference in size and number of plaques formed by the virus of foot-and-mouth disease on monolayer cultures obtained from different pig kidneys. Dulbecco and Vogt (1954) found that slow growing testis cultures were less sensitive than the fast growing ones for the formation of plaques with poliomyelitis virus.
An essential requirement is that the monolayer be complete, and we have found that transferred monolayers are more satisfactory in this respect. A cell inoculum of minimum concentration of 4 x 105 cells/ml. is essential. In incomplete monolayers some of the virus may come into contact with glass and the rate of spread from the cell initially affected is reduced; in the complete monolayer cells closely packed survive better under the agar overlay.
The composition of the overlay has been found to affect the type and size of plaque. Dulbecco and Vogt (1955) have described a virus line, which produces large plaques under an overlay containing either embryo extract or monkey serum, whereas the wild type produces large plaques under the monkey serum overlay but small plaques under the embryo extract overlay. They have also found that certain mutants (d type) take longer to appear under an acid overlay than under a normal overlay, and that these mutants are non-pathogenic for the nervous system of monkeys (Dulbecco, 1957; Sabin, 1956) . Rappaport (1956) has found that the number of plaques is increased when an amino-acid mixture is substituted for calf serum in a calf serum-Earle's saline overlay; and Dubes (1956) has found that plaque development is retarded when cystine is omitted from Eagle's maintenance medium in the overlay. Hsiung and Melnick (1957) have also described the effect of the overlay composition on the appearance of plaques. So far we have not investigated the effects of overlay of different composition on the formation of plaques by the virus of foot-and-mouth disease, and our overlay composition resembles that used in the growth of the cells. For the formation of plaques on calf kidney-cell monolayers a reduction of ox serum and addition of pig serum is beneficial (Burt, Cumming and Sellers, 1957) .
It is clear that there are optimum culture conditions for each virus-host cell system, and departure from the optimum may lead to loss of sensitivity and reproducibility. The need for optimum cultural conditions is perhaps more necessary for kidney cultures, where the cells are cultivated in vitro for eight to fourteen days, than in chick embryo monolayers, where a monolayer is formed in twenty-four to forty-eight hours and the virus infection and plaque count completed in another three days. Pure cell lines derived from single cells (Puck, Marcus and Ciecura, 1956) which are adapted to in vitro conditions would be more suitable, but optimum conditions for them would still have to be determined. Under the culture conditions described before most strains of the virus of foot-and-mouth disease examined show a linear relationship between virus dilution and number of plaques indicating that plaques are initiated from single virus particles. Table I shows a good relationship in the case of strain M.l 1 pig kidney virus. With strain Ven. 1 derived from bovine tongue epithelial tissue cultures the relationship is not good. This strain produces small plaques on-pig kidney-cell monolayers and titres of the same material in mice are higher. However when trypsinized bovine tongue cell suspensions (Cartwright, Pay and Henderson, 1957 ) are infected with virus, washed free of unadsorbed virus and tested on pig kidney-cell monolayers, then the relationship holds good and titres in mice are the same.
In a previous paper (Sellers, 1955) I said that the titres obtained by mouse inoculation and plaque count were in fair agreement. Further comparative titrations have been carried out and Tables II, III and IV show the results of such titrations. In some cases the mouse titre is higher, in some the same and in others lower than that obtained by plaque count.
Titrations by other methods are included for comparison. Differences between titres perhaps reflect the degree of adaptation to the host of the virus strain used. Important are the physiological state of the cells (as mentioned before) and deriving from this the physiological state of the small or large animal used for titration. Important too are the degree of adsorption and the extent to which the virus remains at the site of inoculation. When the monolayer plates are overlaid after the adsorption period, the fluid containing the unadsorbed virus is mixed with the overlay, and consequently the virus is subject to heat inactivation and other adverse conditions. With the virus of footand-mouth disease, washing the cells after varying periods of adsorption has shown that 60% of the final count has been subjected to this influence, so that the actual titre may be higher. When a three dimensional system such as the cell suspension method is used, a greater efficiency should be obtained, and Cooper (1955) has shown with the virus of vesicular stomatitis that in the cell suspension method 30-50% more plaques are obtained than by the monolayer method. My colleague Miss A. Cumming (1957, personal communication) with the virus of foot-and-mouth disease has found a higher titre using suspensions of calf kidney cells than with pig or calf kidney-cell monolayers. With strain Ven. 1 mentioned before the better relationship with the cell suspensions may be a result of better adsorption on to tongue epithelial cells due to the adaptation of the virus to them and to the fact that it is a three dimensional system. Under the culture conditions described before use has been made of another advantage of the plaque technique, namely the isolation of pure virus clones and the use of plaque morphology as a genetic marker. With the virus of foot-and-mouth disease differences in plaque size and shape have been seen between and within strains. Large, medium and small plaques with well-defined or irregular edges have been observed (Sellers, 1957) . In Fig. 1 can be seen large and medium plaques obtained with strain KEN/3/57 Type S.A.T.2, and in Fig. 2 while M. 11 cattle strain produces small irregular plaques with an occasional larger one. Subculture from single plaques has been carried out with success.
The plaque technique is essentially a macroscopic study of virus-cell interaction. The information that can be obtained from each plate on which there are plaques is extensive. There is an accurate estimate of virus titre, a knowledge of plaque morphology, the possibility of isolating virus clones and indications of cell metabolism. The effects of culture conditions on cytopathogenicity, plaque titre and plaque morphology are important from the point of view of detection of infective virus in inactivated vaccines; this and the problem of adsorption might be overcome by incubating the virus with high concentrations of cells from different hosts and tissues before inoculation of the tissue culture or animal. By using different cell strains under different conditions it is possible to use the plaque technique as a means of differential diagnosis; by the same methods it may be possible to define the conditions necessary for growth, detection and isolation of virus mutants and variants non-pathogenic for the animal host; and these could be used as a live vaccine, as is being done with polio virus. (Dulbecco, 1957; Sabin, 1956) . Conversely by the same methods virus strains may be isolated which are highly pathogenic and antigenic and which would be suitable for preparation as inactivated vaccines. With the plaque technique problems of cell physiology might be studied using a standard virus clone as a plaque marker and defining the conditions of the cells which produce variations in plaque size. The difference in titre by the different methods of virus assay raises the question of the ability of virus to adsorb on to cells, to penetrate cells, to multiply and produce characteristic changes in the host cell or organism. Again by varying cell strains and conditions, by varying virus types and strains it may be possible to obtain some knowledge of this problem, which could be applied at the organism level.
I should like to thank my colleagues at Pirbright for helpful discussion and the provision of unpublished results. I am grateful to Miss P. Tremayne-Smith for able technical assistance. RAPPAPORT, C. (1956) A survey of the literature has so far revealed few references to the growth on glass of monolayer tissue cultures prepared from trypsin dispersed cell suspensions of normal adult stratified squamous epithelium. This has been probably due very largely to the difficulty in obtaining a suitable source of such tissue in a sterile condition, and without admixture of other structures such as hair, glandular tissue, connective tissue, etc. The adult bovine tongue, however, does provide such a source of epithelium, and monolayer cultures can be grown from it without difficulty. Attempts to produce cultures of this type were first made principally to obtain a system more suitable than cell-suspension cultures of tongue epithelium (Cartwright et al., 1957) for the study of certain aspects of virus multiplication. It was soon found, however, that the interpretation of results of "growth curve" experiments so obtained was complicated by the occurrence of two quite distinct types of cell growth, which behaved very differently following infection with foot-and-mouth disease virus.
Methods of preparation of tissue cultures.-Cattle tongues were obtained fresh from the abattoir. After washing, the superficial keratinized layer of the mucosa was removed by the traction method described by Frenkel (1947) . The deeper layers of the stratum malpighii were then collected by slicing off with a sterile razor blade. This tissue was minced with scissors and placed into a sterile solution of 0 5 % trypsin (Difco 1:250) in a calcium and magnesium free modified Tyrode solution (Rinaldini, 1954) . It was then incubated at 370 C. for half to one hour, during which time it was agitated to assist separation of cells. The resulting cell suspension was filtered through a coarse mesh stainless steel gauze to remove large fragments of undigested tissue, and then allowed to stand for several minutes to sediment out the denser clumps of tissue, mainly the basal portions of filiform papili, which had passed through the filter. The decanted supematant was centrifuged at 1,000 r.p.m. for 2 to 3 minutes, and the cell deposit resuspended in culture medium without washing. Several media have been employed, including bovine amniotic fluid + 10% bovine serum (BAF + BS); 0X5% lactalbumin hydrolysate in Tyrode solution + 10°/ bovine serum (LH + T + BS) and Tyrode solution + 10% bovine serum (T + BS).
Cytology of cultures.-Cell suspensions prepared in this way consisted of a mixture of single cells and cell clusters of varying sizes. Filtration and sedimentation procedures were directed towards including cell clusters only up to the order of 1 mm. diameter. Histological examination of sections made from centrifuged deposits of the suspensions showed that the majority of the clusters were bounded on one or more sides by basal layer cells, and hence probably were derived from fragments of the epidermal rete ridges.
When BAF + BS or LH + T + BS were employed as culture media, two distinct types of cell growth developed. Within twenty-four hours the cell clumps and single cells had adhered to the glass of the culture vessel, and usually after forty-eight hours evidence of cell growth was apparent. Around the cell clumps a zone of cells developed which formed an almost intact "membrane-like" sheet, whereas on those parts of the glass where only single cells were -adherent, a growth of discrete polygonal-shaped cells developed. The "membrane" type of cell growth was seen only in association with cell clusters. In living cultures, it was characterized by a somewhat refractile continuous sheet of cells in which some nuclei could be seen, but cell boundaries were difficult to recognize. Phase contrast microscopy, or a silver impregnation method of staining revealed the cell boundaries and demonstrated a typical mosaic "pavement-epithelium" type of arrangement (Fig. 1) . Near to the cell clumps, the cells were often more than one layer deep and overlaid one another in an irregular fashion. So far it has not been possible to passage serially cells of this type.
The "polygonal" type of cell growth consisted of irregular polygonal-shaped cells with long cytoplasmic processes. Morphologically, they resembled HeLa or kidney cells in monolayer cultures, and even when cells had become tightly packed together it was always possible to recognize the discrete nature of the cells (Fig. 2 ). Cells of this type have been successfully propagated in serial cultures and have been maintained in the original culture vessels for periods of at least six months.
When the cell suspensions were cultivated in T + BS it was found that only the 6membrane" type of cell sheet developed. The single cells persisted on the glass without undergoing division. Table I shows the results of an experiment where duplicate "flying coverslip" preparations were incubated for four days in either LH + T + BS or in T + BS. Some were then left in the original media and some from each group, after washing, were transferred to either LH + T + BS + M/20,000 colchicine or to T + BS + M/20,000 colchicine, and incubated for a further eighteen hours. The coverslips were then fixed and stained. Table I indicates the relative amounts of growth and the mitotic index of each type of cell growth found in the various groups. These results suggested that T + BS would not support mitosis in either type of cell growth, whereas the addition of 0 5 % w/v lactalbumin hydrolysate was sufficient to stimulate mitosis in either type of cell growth, the mitotic index for the "polygonal" cells being about twice that of the "membrane" cells. After four or five days' incubation in T + BS the cell sheets of the "membrane" type were almost as extensive as those produced in the more complete growth medium. Hence it appeared that this type of growth originated mainly by migration of cells from the-original cell clusters. Cytopathogenic effects.-Following infection with the virus of foot-and-mouth disease, the two types of cell growth responded in quite different ways. Both appeared to support the multiplication of virus. In the case of cells of the "membrane" type, this was accompanied by cytopathogenic effects leading to cell death; whereas young cultures of the "polygonal" type of cell showed little or no evidence of cytopathogenic effects. To make interpretation of the time sequence of the various stages of cell degeneration easier, experiments were made in which cultures were infected with large inocula of seed virus to produce initial infection of all susceptible cells. These cultures were then examined either in the living state by phase contrast microscopy and cine-photomicrography, or by microscopy of fixed and stained coverslip preparations. No significant differences in the nature of the cytopathogenic response, other than the time sequence, were observed in cultures infected with limiting dilutions of virus.
As early as three to four hours after infection, the membrane cell sheets began to retract and become fenestrated in appearance, and by four to five hours many cells had begun to* produce large cytoplasmic protrusions (Fig. 3) . These were usually radially arranged, starting as small hemispherical blebs and proceeding to long club-shaped or filamentous structures. They were never observed to burst or to become detached from the cell, but they appeared to coalesce gradually until they enveloped the cell. Thus by eighteen hours most of the cells took the form of large, clear spherical cells, which would seem to bear some resemblance to the cells showing hydropic degeneration found in the developing vesicle on the tongue or foot of an infected animal (Fig. 4) . At this stage, the nuclei were completely pyknotic and by usual histological criteria the cells would have been presumed to be dead. However, it was found that the majority of such cells were still impermeable to eosin, which readily stains dead cells. This is in keeping with the probable continued function of the cell membrane suggested by the swollen nature of the cells. Wesslen and Dinter (1956) have described similar cytopathogenic changes in plasma clot cultures of bovine embryonic tongue and skin epithelium infected with the virus of foot-and-mouth disease. Damaging the cells by heat or by exposure to hypotonic solutions produced cytoplasmic protrusions in cells of the "membrane" type. However, these protrusions remained hemispherical, usually numbered only 2 or 3 per cell, and never gave rise to the picture produced by virus infection.
Cultures consisting predominantly of the "membrane cell" type of growth have been Section of Comiparative Medicine successfully used as a titration method, 50% end-points being calculated from numbers of cultures showing cytopathogenic changes after inoculation with dilutions of virus. Results obtained in this way have given close agreement to those obtained from the inoculation of unweaned mice or from plaque counts and limiting dilution methods in pig kidney-cell monolayer cultures.
Recently the observation has been made that a number of strains of foot-and-mouth disease virus that have been serially passaged in mice or in embryonated eggs, and have reached a stage of failing to produce vesicular lesions when inoculated into the tongues of susceptible cattle, also fail to produce cytopathogenic changes in cultures of tongue epithelium containing the susceptible "membrane" cell type growth. One of these strains has been shown to multiply in such cultures and to give virus yields comparable to those given by strains pathogenic for cattle.
Hence, to summarize the present position regarding the cytopathogenicity of strains of foot-and-mouth disease virus for tongue epithelial cell cultures, it appears that unadapted virus strains multiply in both "membrane" and "polygonal" type cells and produce cytopathogenic changes in the former only, some attenuated strains multiply in both types of cell and fail to produce cytopathogenic effects in either, and some other attenuated strains may fail to multiply at all in tongue epithelial cell cultures.
The results of a few experiments have so far suggested that the Indiana C. strain of vesicular stomatitis produces cytopathogenic effects in the "membrane" cell type of growth only, but probably multiplies in cells of both types. Virus multiplication.-It will not be possible here to give any detailed account of the results of virus multiplication studies using tongue epithelium monolayer cultures. However, some interesting facts have emerged while carrying out experiments of this kind. .: In some experiments, cultures, which had been infected with high multiplicities of virus and in which all recognizable growth of the "membrane" type of cell had been destroyed twenty-four hours after infection, continued to produce virus at a gradually decreasing rate until by seventy-two or ninety-six hours after infection they had usually become noninfective. When such cultures, which by then appeared to consist entirely of "polygonal" cells, were reinfected with large seed virus inocula of either the homologous or the heterologous type, they once again produced virus in quantities not significantly different from control cultures infected for the first time, allowance being made for the slightly higher titres obtained in cultures containing growth of the "membrane" type. of an experiment in which two cultures 1 and 2 had been infected with the Ven. 1 strain (Type 0 foot-and-mouth disease virus) fourteen days previously, and one culture 3 had been infected with the Indiana C. strain (vesicular stomatitis virus) fourteen days previously. The cultures were checked for non-infectivity of the media and then they were reinfected with a large inoculum of Ven. 1 strain virus together with three duplicate control cultures not previously infected. After incubation for one hour, the unutilized seed virus was removed by repeated washing including the use of specific immune serum. At six hours the titre of the controls was about tenfold higher than the others, but-this was associated with cytopathogenic changes in the "membrane" type cells present in the control cultures. By twenty-four hours, the titres of both groups were very similar and the "membrane" type cell growth had been destroyed in the controls. The cultures were then thoroughly washed, fresh media added and incubated for a further four hours. The two sets of cultures, which were then more or less identical by microscopic examination, gave the same yields of virus by twenty-six hours and by forty-eight hours after infection. Similar experiments have been made in which cultures shown to have become noninfective, have been reinfected on the seventh day after primary infection and have subsequently produced as much virus as control cultures. Identical results have also been obtained when such cultures have been maintained in growth media containing sufficient colchicine to inhibit mitosis and to prevent the production of new cells after the culture had become non-infective. Thus it would seem that under some circumstances cultures containing the original cell population of "polygonal" type cells can be reinfected as soon as three days after the cultures had become non-infective.
The picture has been made rather more complicated recently, however, by the observation that when a group of duplicate primary cultures are infected with virus and handled in an identical manner with frequent washing and media changing, some of the cultures may become non-infective within seven days or so, whereas others continue to produce virus at a constant low level for more than thirty days.
The factors controlling the loss of infectivity associated with an ability to be reinfected found in some cultures, and the production of chronic infection in others, remain to be identified.
